This study assesses a bi-layer composite concept for mitigating the severity of injury due to translational blunt impact of an unprotected head at moderately high speeds. The concept comprises crushable foam and a stiff face-sheet on the impacting face. Approximate analytical models for accelerationÀtime histories of prototypical impact scenarios are used to guide the design. The key design variables probed experimentally are the crushing strength of the underlying foam and the tile size. The efficacy of the composite systems and the foams alone is ascertained through a series of drop impact tests with an instrumented head-form at a representative impact velocity (6.7 m/s, 15 mph), using three commercial viscoelastic foams, with and without face-sheets. The measurements are analysed in terms of five performance metrics: the peak acceleration, the Gadd severity index (GSI), the head injury criterion (HIC), the skull fracture correlate (SFC) and the head impact power (HIP). The experiments demonstrate that, with the addition of a face-sheet, each of these metrics can be reduced substantially (by as much as a factor of two) relative to those of the foam alone. The benefits derive from spreading of contact forces over a larger area of foam by the face-sheet.
Introduction
Head injury resulting from blunt impact of vehicle occupants in automobile collisions can be mitigated to some extent through the use of crushable foams [19, 25, 39] . When the design of the system is constrained by thickness (as it is in automobiles), the optimal performance is obtained when the accelerationÀtime history exhibits a 'top-hat' profile and nearly the full densification strain of the foam is utilised; beyond densification, the acceleration rapidly rises and leads to a significant increase in the likelihood of injury. This study examines the design and performance of layered composite systems that are potentially more effective than foams alone in mitigating head injury under severe translational (linear) impact.
Numerous metrics have been proposed to characterise severity of head impact. For purely translational impacts, the metrics are couched in terms of characteristics of accelerationÀtime histories experienced by the head during the impact event. Most have been derived from laboratory experiments (e.g. drop tests on cadaver heads) and from re-created real-life impact events in which the injury outcome had been well documented. Such re-creations have been performed both experimentally using instrumented test dummies [2, 3, 10, 36, 38] and by computational simulations [2À4, 16, 18, 29, 36, 40] . The metrics have found utility in guiding the designs of a wide range of systems for mitigating head injury, ranging from interior cabins of transport vehicles (e.g. automobiles, airplanes and tanks) to protective head gear for motorcyclists and athletes in contact sports (e.g. football, hockey, soccer and snowboarding [12, 26] ), to surfaces on children's playgrounds [21, 41] and for cheerleading [31] . Furthermore, they have been adopted by regulatory agencies in establishing performance standards for impact-mitigation systems.
Although metrics based on translational impacts have proven to be useful in predicting severe injury (including skull fracture and brain contusion), recent studies have highlighted the importance of angular acceleration on concussive injuries such as subdural hematomas and diffuse axonal injury [17] . Such injuries appear to arise when the strain in brain tissue exceeds a critical value [8, 22, 30] . Metrics based on peak angular velocity or peak angular acceleration have been proposed to characterise the severity of impacts involving rotational motion [17, 32] .
This study focuses on a concept for mitigating severe head injury under translational blunt impact. Recognising the limitations of the impact severity metrics, the metrics are used in a largely comparative manner, with the goal of ranking the protection capabilities of various candidate systems. Additionally, to minimise bias, five different metrics are used for making these rankings. However, for the specific tests reported here, the metrics are found to be highly correlated with one another; within the resolution of the measurements, they follow monotonic (nearly proportional) trends. In light of this result, one such criterion À the head injury criterion (HIC) À is employed in conjunction with analyses of accelerationÀtime histories of prototypical translational impact events, to glean insights into the design of such systems. Although approximate, the analyses prove to yield designs that are indeed superior in terms of all five performance metrics. They also yield insights into the mechanics governing the efficacy of protection.
Numerous studies performed over the past half-century have revealed strong correlations between measures of impact severity based on linear accelerationÀtime histories and the degree of head and/or brain injury. The measures originated through impact studies on skulls of human cadavers and live animals [13] . The early data were used to construct the so-called Wayne State Tolerance Curve: the locus of average acceleration and impact duration below which skull fracture would not occur. A stronger correlation of these and other test results was obtained using measures of impact severity based on weighted averages of accelerationÀtime profiles. The first of these was the Gadd severity index (GSI) [11] , defined by
where a is deceleration in units of g (the acceleration due to gravity), t is time and t Ã is the impact duration. Yet, a stronger correlation was obtained using the HIC, defined by [6, 11, 13, 14, 34] HIC D max
where t 2 and t 1 are the two times that maximise the quantity in f:::g, subject to the constraint that the two times do not differ from one another by more than a prescribed amount, t c (typically, 15 ms) ( Figure 1 ). The HIC is essentially a product of a power-weighted time-averaged acceleration and the corresponding time duration. Because of the weightings, the HIC is more sensitive to acceleration than time duration. The time restriction reflects the fact that low acceleration levels over extended periods of time pose low risk of injury. The HIC remains the most popular of the available metrics. It is used by the automotive, aviation and sports industries [5, 9, 12, 20, 26, 28, 31] as well as the governing regulatory agencies, e.g. US National Highway Traffic Safety Administration [33], US Insurance Institute for Highway Safety [15] and US Federal Aviation Administration [7] . It was subsequently proposed for use in predicting brain injury (without skull fracture) during head contact in professional football, with moderate success [24] . More recently, two other metrics have been proposed. The first is the skull fracture correlate (SFC) [35] . It is defined as the average acceleration over the HIC time interval (from t 1 to t 2 ), expressed formally as
The SFC was initially proposed to rationalise the results of a series of drop tests of instrumented post-mortem human heads over a velocity range of 2À10 m/s at targets of varying hardness [35] . X-ray radiographs and computed tomography images taken after tests at progressively increasing drop speeds were used to identify the onset of skull fracture. Additionally, finite element simulations of the impacts yielded maximum principal strains in the skull that correlated closely with the SFC. The latter results were used to argue for the biofidelity of the SFC.
The other is the head impact power (HIP). For a normal impact without angular momentum, it is defined by HIP D max m aðtÞ
where t s is the starting time of the impact and m is the mass of the head. The quantity within {. . .} is evaluated for all times t > t s ; the maximum value of this function defines the HIP. For non-normal impacts (with, generally, three linear acceleration components) and when angular momentum is finite (again, generally, with three components), corresponding terms for each component can be added linearly to the one on the right-hand side of Equation (4) . The HIP has been found to be useful in correlating the incidence of mild traumatic brain injury in professional football players following head impact [27] as well as accidents involving motorcyclists and pedestrians [23] .
In the experimental portion of this study, each of the four preceding metrics is computed for each impact event and is used in assessing impact severity. For completion, the maximum linear acceleration, a max , is also recorded.
An analytical model for assessing the efficacy of crushable foams in mitigating the HIC for representative impact scenarios has been presented elsewhere [1] . The model is based on an analysis of impact of a spherical mass onto a target of flat crushable foam. The form of the resulting accelerationÀtime history is shown schematically in Figure 1 (a). (Pertinent details are presented in the following section.) Here, the contact area between the spherical mass and the foam target increases progressively with increasing penetration depth; the acceleration varies with depth accordingly. The model is used here to identify the optimal foam strength that minimises the severity of impact (as characterised, for example, by the HIC) for prescribed head mass and impact velocity, subject to constraints on foam thickness.
The concept under consideration in this study is illustrated in Figure 1(b) . It comprises a foam tile and a thin stiff face-sheet on the impacting surface. It is predicated on the notion that, provided plate bending is small, the impact load should be spread uniformly throughout the foam over the area defined by the plate dimensions. The expectation then is that the force resisting impact and the acceleration of the impacting head would be essentially constant over the duration of the event (shown on the right-hand side of Figure 1(b) ). For prescribed values of mass and impact velocity (and hence prescribed incident momentum), a uniform acceleration is expected to yield lower values of the various impact severity metrics than those obtained for a progressively rising acceleration. This occurs because the metrics exhibit a stronger sensitivity to acceleration than to the impact duration.
The principal objective of this study is to assess the benefits of face-sheets on foams in reducing the severity of head impact during a translational impact. Approximate analytical models are developed for the linear accelerationÀtime histories of an impacting head-form onto foam targets both with and without face-sheets. In turn, the analytical results are used to guide the design of a series of idealised targets for the experimental study. The efficacy of the proposed concept is assessed through drop tests of an instrumented head-form at a representative impact speed, notably 6.7 m/s. (This speed is used by the US Department of Transportation in the Federal Motor Vehicle Safety Standards [31] ). The test results show that the benefits of the face-sheet can indeed be significant, with the impact severity metrics being reduced by as much as a factor of two.
Analytical models of impact

Foam targets
Approximate analytical solutions are presented for the accelerationÀtime histories for the two impact scenarios shown in Figure 1 . Here, the head is treated as a rigid spherical body of radius R and mass m. In the first scenario, the spherical body makes impacts a foam tile of thickness H o at a velocity v o . The foam is presumed to be rigid/perfectly plastic with a rate-independent crushing stress s o up to the densification strain e D . The foam tile is further taken to be sufficiently thick so that full densification does not occur before the mass arrests. Provided the displacement x ( R, the contact area A c is given approximately by A C % 2pRx and thus the contact force is F D 2pRxs o . Solving the equation of motion of the spherical mass yields the variations in position x(t), velocity v(t) and acceleration a(t) with time t. These are given by
over the time domain
, vðtÞ D 0 and aðtÞ D 0 (Figure 1(a) ). Thus, the peak acceleration and peak displacement, obtained at t D t o , are
and
In order for arrest to precede densification, the foam thickness must exceed a critical value, given by
As intimated earlier and demonstrated by subsequent test results, the five metrics À GSI, HIC, HIP, SFC and a max À are highly correlated with one another for the impact events of present interest. As a result, comparative rankings of the various test systems from each of the metrics are essentially the same. In light of this, the subsequent analysis focuses on only one of these metrics: notably, the HIC.
The HIC is evaluated using Equation (2). Here, t 2 D t o and t 1 is obtained by maximising the quantity within f:::g in Equation (2) . It has the solution
Combining Equations (2), (7), (8) and (12) yields
The minimum HIC value and the corresponding optimal foam strength are obtained when the foam thickness is equal to its minimum critical value. From Equations (11) and (13), they are
Bi-layer targets of face-sheet and foam
The potential benefit of a stiff face-sheet on the contacting surface of a foam target is estimated through an analogous analysis. Provided the face-sheet experiences minimal bending during the impact, the load is distributed uniformly over the entire area A t of the tile. Furthermore, provided the arrest precedes foam densification, the solution to the equation of motion is simply:
over the time interval
The two times that maximise HIC are t 1 D 0 and t 2 D t o . Integrating Equation (2) yields:
Following optimisation, the minimum HIC and the optimal foam strength become:
Equation (20) (14) and (19) shows that, in theory, the HIC can be reduced by a factor of 1/1.84 % 0.54 through the addition of a stiff load-spreading facesheet. This prediction motivates the following experimental programme.
Materials and test procedures
Tests were conducted on three viscoelastic polyurethane foams (SunMate Ò , Dynamic Systems Inc., Leicester, NC). The manufacturer's designations for these foams are Firm, X-Firm and XX-Firm. (These foams are typically used for wheelchair seat cushions, aircraft ejection seats and race-car impact padding [25] .) The quasi-static compressive stressÀstrain response of the foams is shown in Figure 2 . The materials were procured as plates with a thickness of 38:1 mm and a density of approximately 88 kg=m 3 . Square specimens of varying sizes (75À150 mm) were cut from the plates using a precision table saw. Square specimens of equal size were cut from 3:3 mm thick sheets of a [0 /90 ] carbon fiber-reinforced plastic (CFRP). For tests conducted on foam/CFRP composites, the sheets had been adhered to the foam using an epoxy resin (Devcon Ò , Danvers, MA). Free-fall impact tests were performed using an Alalloy 'missile' as a surrogate head-form, in accordance with American Society for Testing and Materials (ASTM) Standard F1292 [41] . This head-form has a mass of 4.6 kg and a spherical nose with a radius of 80 mm (Figure 3) . The head-form is instrumented with a triaxial accelerometer. It was mounted in a tripod drop system (Triax 2010, Alpha Automation Inc, Ewing Township, NJ) and dropped from a height of 2:3 m, yielding an impact velocity of 6.7 m/s (15 mph). An electro-magnetic release mechanism was employed to allow smooth (rotation-free) release from the tripod. The test specimens were affixed to the ground around their periphery using duct tape. Side-view images were recorded with a high-speed video camera (Phantom v7, Vision Research Ò , Wayne, NJ) placed at a height level with the top of the foam. The videos were used to corroborate both the predicted impact velocities (based on drop height) and the displacements computed by integration of the accelerometer data. Either two or three tests were performed on each foam and foam/ CFRP composite. The results were found to be very reproducible, yielding HIC values within about 5% of one another. (Parenthetically, HIC values obtained using a rigid Al alloy head-form are reportedly slightly higher than those obtained using head-forms with life-like properties [41] . In this respect, the present tests should yield conservative results.)
A series of preliminary tests was performed to identify the appropriate sizes of the composite specimens. From Equation (20) , the optimal tile area is expected to scale inversely with foam strength. This led to the selection of smaller tiles for the stronger foams and vice versa. Specifically, tile dimensions of 150 mm £ 150 mm were used with both the Firm and the X-Firm foams, 100 mm £ 100 mm for both the X-Firm and XX-Firm foams, and 75 mm £ 75 mm and 89 mm £ 89 mm for the XX-Firm foam. It should be noted that because the models presented here are rudimentary and approximate À neglecting effects of face-sheet bending, elastic recovery and strain rate sensitivity À they are used only to guide the design. Optimisation would require more rigorous computational simulations of such impacts.
Impact results: experimental measurements and model predictions
Representative accelerationÀtime and displacementÀ time histories measured on the foams and the foam/ CFRP composite tiles are shown in Figure 4 . The displacements (measured relative to the point of initial contact) are normalised by the thickness of the foam tile and thus represent the maximum nominal strain beneath the contact site.
The results for the foams alone (Figures 4(a) and 4(b) ) exhibit the following characteristics. (1) The initial rise of the accelerationÀtime curve scales roughly linearly with the quasi-static foam strength, in accordance with Equation (7). (2) For the two softer foams, the initial nearly linear rise is followed by a rapid upturn in acceleration, to a peak value of 250À290 g. The upturn is attributable to full densification of the foam and 'bottoming out' of the head-form, as evidenced by a peak displacement x max /H o 0.9 ( Figure 4(b) ). (3) The strongest foam does not exhibit an upturn in acceleration rate, consistent with the peak displacement being less (albeit only slightly) than that needed for significant densification. Consequently, the peak acceleration is reduced to about 160 g and the HIC is reduced from 1500 (for the softest foam) to 900 s. Furthermore, the curve shape (up to the peak) is broadly consistent with that predicted by Equation (7) and plotted in Figure 1(a) .
For the foam/CFRP composite tiles, the acceleration rises sharply to a plateau and then gradually increases to the peak (Figure 4(c) ). The peak accelerations and HIC values are lower than those of the foam alone. The effects are most pronounced for the softest foam: the peak acceleration dropping from 290 to 120 g and the HIC dropping from 1500 to 750 s. Here, again the peak displacements are maintained below the levels needed for significant densification (Figure 4(d) ).
Correlations between the five metrics for impact severity are shown in Figure 5 . Here, the results are plotted as GSI, SFC, HIP and a max vs. HIC. The metrics not only appear to vary monotonically but are also close to being proportional to one another. Thus, for the present test results, halving of the peak acceleration is accompanied by halving of the HIC, the SFC, the HIP and the GSI. An important implication is that comparative rankings of the various test systems can be achieved with any one of the five metrics. Representative side-view images taken via high-speed video for a test on the foam alone and a foam/CFRP composite are shown in Figure 6 . Deformation of the foam alone is localised to the impact area; that is, the distal regions (say, 50 mm away from the impact centre) do not undergo any apparent deformation. One implication is that the test results should be representative of the performance of larger foam tiles. The deformation of the foam/ CFRP composite tiles differs dramatically. Here, the foams are essentially uniformly crushed during the impact. Some plate bending and twisting are evident (the latter due to the anisotropy of the in-plane elastic properties of the CFRP), though their magnitudes are small relative to the average (total) displacement of the face-sheets and the underlying foams. These observations, combined with the nearly constant crushing stress of the foams, indicate that an approximately constant acceleration should be obtained over most of the impact duration, consistent with the test results in Figure 4(c) .
Some insights into the effects of rebound of the headform are gleaned from two additional test parameters. The first is the ratio of the rebound velocity v r to the initial (impact) velocity v o . The results are plotted in Figure 7(a) . The quantity v r /v o represents the fractional increase in the imparted momentum relative to the incident value.
For both the foams alone and the foam/CFRP composite tiles, v r /v o is about 0.3 and exhibits only a weak sensitivity to the foam strength or the presence/absence of the CFRP sheet. The second parameter considers the times (t 1 and t 2 ) bounding the HIC calculation and the time t Ã at which the head-form velocity reaches zero and the head-form begins its rebound. The expectation is that, if the latter event occurs outside the pertinent interval (i.e. t Ã > t 2 ), the rebound phase should have minimal effect on the HIC. Otherwise, if t 1 < t Ã < t 2 , the relative time duration within the HIC interval occupied by the rebound phase can be characterised by a non-dimensional parameter, t E ; defined by
Figure 7(b) shows the variation of t E with foam strength. For both the foams alone and the foam/CFRP composites, t E % 0.2, decreasing only slightly with increasing foam strength. The low values of t E coupled with the small fractional increase in momentum due to rebound (0.3) indicate that the rebound plays only a small (though perhaps not insubstantial) role in the HIC value. They are further consistent with the asymmetry of the accelerationÀtime histories ( Figure 4) ; if foam elasticity 
The dynamic contact stresses computed this way are plotted against the nominal strain x(t)/H o in Figure 8 (a). The curves exhibit features similar to those of the quasistatic stress-strain curves (Figure 2) , including a nearly constant crushing stress over much of the straining history and a rapid rise as densification proceeds. The stress levels, however, are higher than those associated with the quasi-static tests, by factors of about 4À10: a consequence of the intrinsic strain rate sensitivity of the foam material coupled with the inertial stabilisation against buckling of the constituent struts. Comparable (sevenfold) elevations in crushing stress have been reported recently for lattices deformed over a similar range of strain rates [37] .
An analogous procedure is employed to infer the dynamic crushing stresses in the foam tiles beneath the CFRP sheets. In this case, the stress is presumed to be distributed uniformly over the tile area so that the dynamic stress is given by
The resulting dynamic stressÀstrain curves inferred from the impact tests on the composite tiles are plotted in Figures 8(b)À8(d) for each of the three foams. Also reproduced on these figures are the corresponding results from the impact tests on the foams alone (from Figure 8(a) ). The two sets of curves show similar features (qualitative and quantitative) with one notable exception: the initial rise in the stressÀstrain curves in the composite tiles is shallower than that on the foams alone and thus the attainment of the crushing plateau is obtained at seemingly high strains (of the order of 0.2). This anomalous feature is attributed to the non-uniformity in the stresses within the foams in the early stages of loading during which the plates undergo some bending and twisting (as evidenced by the images in Figure 6 ). The similarities in the inferred crushing stresses from the two test types support the assumptions underlying the models used to derive Equations (19) and (20) . Additionally, the large hysteresis in the stressÀstrain curves is consistent with the earlier conclusion about the small role of elastic rebound on the severity of the impact.
The HIC values for the foams alone and the foam/ face-sheet composites are plotted against the dynamic foam crushing stress (taken from Figure 8 at a strain of 0.3) in Figures 9(a) and 9(b) , respectively. Also shown are the predictions of the analytical models: Equation (13) for the foams alone and Equation (18) for the foam/CFRP composites. The model predictions are shown only in the domain in which full densification (taken as the point at which the strain reaches 0.8) does not occur. This domain is characterised by a rising HIC with increasing foam strength. Full densification and head-form 'bottoming out' at low foam strengths lead to an increase in HIC: a feature not captured by the present models. Nevertheless, the curves in this domain would be expected to exhibit negative slope (decreasing HIC with increasing foam strength).
The measured HIC values for the foams decrease with increasing foam strength. Upon extrapolating the data to slightly higher crushing stresses, the expected HIC appears to correspond closely with the minimum predicted value (shown by the open circle). The implications are twofold. First, the HIC could be reduced slightly (relative to the strongest foam) by increasing the crushing stress by about 30% (from 0.3 to 0.4 MPa). Second, upon increasing the foam strength further (beyond 0.4 MPa), the HIC is expected to begin to rise. Thus, it appears that the XX-Firm foam is not too far off of optimal for the present loadings (i.e. mass, radius and velocity of headform) and the selected foam thickness (38 mm).
The trends for the foam/CFRP composites appear to be more nuanced. For the largest tiles (150 mm £ 150 mm), the measurements appear to lie in the domain in which the HIC is rising with increasing foam strength. In this case, some reduction in HIC might be achieved with the use of slightly softer foam. In contrast, for the intermediate-sized and smallest tiles [100 mm £ 100 mm and 75 mm £ 75 mm)], the measurements appear to lie in the domain of decreasing HIC. A more quantitative assessment of the measurements awaits more rigorous analysis of these types of impacts.
Discussion and conclusions
A new concept that has the potential for mitigating head injury under translational blunt impact has been presented. It is motivated by the differences in the predicted accelerationÀtime histories obtained in two idealised loading scenarios: one involving impact of a rigid spherical body onto a rigid perfectly plastic crushable foam (wherein the contact area increases progressively with penetration depth) and a second in which the impact load is spread uniformly over a prescribed area by a thin stiff face-sheet. The minimum HIC values for systems optimised for these two idealised scenarios differ by almost a factor of two. The efficacy of the concept has been assessed by comparing computed values of HIC, SFC, HIP, GSI and a max for several commercial foams and several foam/CFRP composites, at an impact velocity relevant to vehicle occupants in automobile collisions. The key conclusions follow.
(1) The performance metrics are highly correlated and nearly proportional to one another in the present tests. Thus, comparative rankings (qualitative and quantitative) of the various test systems can be made on the basis of any one of these metrics. (2) Among the foams tested, the XX-Firm performs best, with a HIC of 950 s. By comparison, the predicted minimum is about 700 s for the prescribed foam thickness (38 mm) and impact velocity (6.7 m/s). (3) The models indicate that, with the addition of a stiff face-sheet on the impacting face of a foam tile, the predicted minimum in HIC is about half that of an optimal foam tile alone. Reductions in HIC of roughly this magnitude have indeed been obtained in some of the systems examined here. Additional work is needed to address the performance of composite tiles for impacts that occur away from the tile centreline. (4) The effects of elastic rebound on the HIC measurements appear to be small. The rebound phase comprises only a small part of the pertinent duration of the impact event (over which the HIC is computed) and the rebound velocity is a moderate fraction of the incident velocity.
In closing, we make three qualifications regarding this study. First, the impact locations in the tests were selected to coincide with the tile centres. For the foams alone, the test results are expected to be representative of semi-infinite tiles; this expectation is based on the observation that negligible deformation was obtained in regions remote from the impact site, even for the rather modest tile sizes employed. For the foam/CFRP targets, the impact behaviour is expected to vary somewhat with the location of the impact relative to the tile centre or tile edges, because of the asymmetry of loading. Consequently, a periodic array of abutting composite tiles À a potential solution for large-acreage impactmitigation systems À might give rise to spatial variations in impact severity. One possible solution to this problem would entail use of overlapping face-sheets. This concept has yet to be assessed.
Second, in making comparisons between the two target types (with and without face-sheets), the effect of the facesheet thickness on the total target thickness had been neglected. That is, if the total thickness had been restricted to, say, 38 mm, then the underlying foam bases for the composite tiles would need to be reduced from their initial thickness by an amount equal to the face-sheet thickness. In the present experiments, the face-sheet represents about 9% of the total. Such effects are likely to be small but finite when making more rigorous comparative assessments.
Third, although the correspondence between the experimental measurements and the theoretical predictions appears reasonable, there remains a need to perform more rigorous analyses that account for the effects of the strain rate sensitivity of the foam strength, the finite strain hardening of the foams at strains approaching densification and the effects of elastic bending and rebound of the face-sheets.
